This review summarizes the importance of macrolide therapy in the treatment of asthma, discusses macrolide mechanisms of action, and outlines new clinical data supporting their use. The effects of macrolides on both the innate and adaptive immune responses are discussed.
INTRODUCTION
Asthma is a disorder of the airways characterized by airway hyperresponsiveness and airflow obstruction with clinical manifestations of cough, wheeze, chest tightness, dyspnea, and mucus production. This occurs because of airway inflammation resulting from complex host (genetic) and environmental (irritants, infection, and allergens) interactions.
For physicians, the monumental challenge remains to identify those factors most important in causing asthma and preventing adequate asthma control. Identification of different asthma phenotypes by hierarchical cluster analysis clearly emphasizes the clinical heterogeneity in severe asthma and the need for new approaches to identify those factors responsible for poor asthma control [1] . Numerous publications have emphasized the role of viral infections, with or without coexisting bacterial infections, in causing asthma exacerbations [2] [3] [4] [5] [6] [7] [8] . An increasing body of evidence exists suggesting that chronic or subacute infection with atypical bacteria such as Mycoplasma pneumoniae and Chlamydophila pneumoniae may be responsible for poor asthma control in a subset of asthmatic patients [9] [10] [11] . When these organisms are identified by bronchoscopic PCR studies, treatment with macrolide antibiotics results in better asthma control [12 & ,13] . In contrast, patients with suboptimally controlled asthma in the Asthma Clinical Research Network (ACRN) study, without PCR evidence of mycoplasma or chlamydophila infection, who were treated with clarithromycin showed no significant improvement in asthma control. Additional studies to identify the 'macrolide responsive asthmatic' are needed.
Macrolides have become the antibiotic of choice to treat most asthmatic patients with M. pneumoniae and C. pneumoniae subacute bacterial infections (SBIs; low-grade infection without elevated white blood cell count, elevated temperature, or radiographic infiltrate). Macrolides have both antibiotic (bacteriostatic) and anti-inflammatory (interference of the innate and adaptive immune system) properties [14] . It remains unknown which of these mechanisms are more important in treating many lung conditions, including asthma. It appears that PCR identification of mycoplasma and chlamydophila through bronchoscopic techniques [biopsy, brush, and bronchoalveolar lavage (BAL)] best defines this asthma phenotype and which patients will best respond to macrolide therapy [12 & ].
ROLE OF VIRAL AND BACTERIAL INFECTIONS IN ASTHMA PATHOGENESIS AND CONTROL
At birth, both the innate and adaptive parts of the immune system are immature and continue to develop throughout the first years of life. The hygiene hypothesis, simply stated, suggests that children exposed to a variety of bacterial and fungal pathogens have a lower risk of developing asthma and allergies than those who lack such exposure. Ege et al. [15] compared children living on farms with those in a reference group with respect to prevalence of asthma as related to microbial exposure. Samples from mattress dust were screened for bacterial DNA and bacterial and fungal cultures. The frequency of samples positive for bacteria and fungi was higher for children living on farms. These children, who had higher levels of microbial exposure, demonstrated much greater protection from developing asthma.
A similar protective response has been seen in a murine model of allergic asthma when mice were preinfected with mycoplasma prior to allergen exposure. Chu et al. [16] evaluated the effects of different timing of airway M. pneumoniae infection on bronchial hyperresponsiveness (BHR), lung inflammation, and the protein levels of Th1 [interferon (IFN)-g] and Th2 [interleukin (IL)-4] cytokines in bronchoalveolar lavage fluid. If the mycoplasma infection occurred 3 days prior to allergen sensitization and challenge, the infection reduced the BHR and lung inflammation ( Fig. 1a and b ). This was accompanied by a significant induction of Th1 responses (increased IFN-g and decreased IL-4 production). On the other hand, when mycoplasma infection occurred 2 days following allergen exposure, the infection initially produced a temporary reduction of BHR, only to be followed by an increased BHR, lung inflammatory response, and IL-4 levels ( Fig. 2a and b ). These data suggest that mycoplasma infection could modulate both physiological and immunological responses in a murine asthma model, lending further support to the asthma hygiene hypothesis.
There is a well established correlation between childhood upper respiratory viral infections and
KEY POINTS
Mycoplasma pneumoniae and Chlamydophila pneumoniae are atypical mycobacteria that contribute to poor asthma control in some patients.
Macrolide antibiotics are effective in improving asthma control in patients with documented infection using PCR techniques from bronchoscopic samples.
Macrolides have both antimicrobial (bacteriostatic) and anti-inflammatory (effects on innate and adaptive immune systems) properties by altering protein synthesis. increased asthma risk [2] . Influenza virus, respiratory syncytial virus, and rhinovirus infection appear to play a role in increased asthma risks [3] . The question remains, once asthma is present, how do viral infections produce an exacerbation? In addition to allergens and air pollutants (irritants), some exacerbations are thought to be related to infection. Because culture techniques are limited, especially for viruses, specific infectious causes are difficult to confirm. PCR technology has allowed for the identification of numerous viruses and it appears that the human rhinovirus (HRV) most commonly contributes to viral-induced exacerbations [2] . Although there is no evidence that asthmatics have more colds than nonasthmatics [17] , symptoms may persist for weeks, even months, in spite of standard asthma controller therapy. Holgate [18] has emphasized that the airway epithelium in the asthmatic is abnormal, and when exposed to HRV it releases more proinflammatory mediators compared to normal epithelium. The impaired virus elimination and production of cell death also appears to be related to a defective production of interferon, which is responsible for initiating apoptosis and viral clearance in normal epithelial cells [19] . The recent review by Papadopoulos et al. [7] reports that because of the susceptibility of the asthmatic airway to respiratory viruses, 40-80% of asthma exacerbations in both children and adults are caused by viral infections. These exacerbations are frequently prolonged and associated with neutrophil as well as eosinophil influx into the airways [20] . Using cultured epithelial cells, Wark et al. [21] demonstrated impaired virus elimination and increased cytotoxic cell death as a consequence of defective IFN-b and IFN-l production. These two cytokines are responsible for initiating apoptosis and viral clearance by normal epithelial cells as well as activating a large range of protective antiviral pathways. Thus, it is possible that a genetic deficiency in IFN production is partially responsible for increased susceptibility of the asthmatic airways to common cold viral infection. More recently, it has been shown that asthmatic epithelial cells release more proinflammatory mediators [22] , which are selectively suppressed in vitro by exogenously added IFN-b [23] .
Although viral infections and those caused by bacteria are usually considered separately, little is known about the role of secondary bacterial infections producing lingering and more severe symptoms during an exacerbation [8] . Adult asthmatics frequently receive an antibiotic in addition to systemic corticosteroids with an acute exacerbation, although controlled studies confirming antibiotic efficacy are lacking.
Typical bacterial infection (e.g. Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis) do not cause the type of airway epithelial inflammation that viral or atypical bacterial infections do, although there is evidence that colonization of the posterior nasopharynx with S. pneumoniae or H. influenzae in childhood increases asthma risk later in life [24] .
Similar to viruses, atypical bacteria such as M. pneumoniae and C. pneumoniae are capable of causing significant epithelial inflammation [25] . The very nature of infection with these agents, which in the case of C. pneumoniae is a chronic intracellular inflammatory process and in the case of M. pneumoniae is persistent epithelial damage, makes them ideal candidates to produce chronic symptoms and poor asthma control. Mycoplasma is transmitted by droplet spread and has an average incubation period of 21 days. The bacterial pathogenicity involves its cytoadherence to the respiratory mucosa. The bacteria interact with respiratory epithelial cells by binding to various host cell receptors including sulfated glycolipids [26] . Once attached M. pneumoniae induces the generation of superoxide radicals and inhibits catalase, leading to oxidative stress in the host cell. In addition, mycoplasma also induces the production of proinflammatory cytokines such as IL-8 and tumor necrosis factor (TNF) by interacting with Toll-like receptors. The infection eventually leads to several pathologic changes including loss of cilia, metabolic derangements, and cell death [27] . C. pneumoniae is an obligate intracellular pathogen that is transmitted by person-to-person spread of respiratory secretions with an incubation time of 3-4 weeks. C. pneumoniae exists in two forms, the replicating reticulate bodies and the infective elementary bodies. After being released into the extracellular environment, the elementary bodies interact with respiratory epithelial cells, leading to phagosome formation and subsequent intracellular replication [27] . C. pneumoniae increases endothelial nuclear factor with subsequent upregulation of inflammatory adhesion molecules such as IL-8 and platelet-derived growth factor [28] .
ROLE OF ANTIBIOTICS IN MODIFYING THE CLINICAL EXPRESSION OF ASTHMA
Upper respiratory tract infections and acute bronchitis are the most common reasons for visits to a primary care physician's office. Even though most of these are viral in cause, antibiotics are frequently prescribed. In individuals with no underlying lung disease such as asthma or chronic obstructive pulmonary disease (COPD), antibiotics have not been proven to be effective in controlled clinical trials [29] . On the other hand, in patients with acute exacerbations of COPD, antibiotic therapy reduces the symptoms of cough, sputum production, and shortness of breath [30] . In patients with asthma exacerbations, routine antibiotic therapy has not been shown to reduce symptoms or improve pulmonary function. There continues to be a paucity of data from randomized, double-blind, placebocontrolled trials for the use of antibiotics to treat acute exacerbations of asthma. Two older studies by Shapiro and Graham (total of 121 patients) showed that penicillin-based antibiotic therapy, in addition to bronchodilators and corticosteroids, produced no improvement in forced expiratory volume in 1 s (FEV 1 ), symptoms scores, and duration of hospital stay [31, 32] .
Over the past decade, there has been a marked increase in the use of macrolide antibiotics to treat asthma exacerbations. In 2006, Johnston et al. [33] conducted a multicenter, double-blind, placebo-controlled clinical trial to evaluate the efficacy of a 10-day course of telithromycin, 800 mg/day, in 278 adults with acute asthma. Patients receiving telithromycin demonstrated significantly greater improvement in asthma symptom scores (P ¼ 0.04) and symptom-free days (P ¼ 0.006) compared with those taking placebo during the 10-day treatment period. They also noted greater improvement in FEV 1 (P ¼ 0.001) by day 10, but there was no significant improvement in homemeasured peak expiratory flow rates. Those not receiving antibiotics improved more slowly; however, at day 42 of the follow-up period they had similar lung function as those who did. In this study, relapse rates were similar in the placebo and treatment groups. Unfortunately, detailed information about documenting the presence of C. pneumoniae and M. pneumoniae by serologic analysis, PCR, and cultures is not available as related to the macrolide group versus the placebo group.
Atypical bacteria such as M. pneumoniae and C. pneumoniae are associated with acute exacerbations of asthma and contribute to long-term poorly controlled asthma [27] . Previous studies have documented that up to 30-40% of patients with persistent symptoms following a chest infection or bronchitis will have evidence of mycoplasma or chlamydophila infection [11, 34] . Because of this and other reports, the ACRN designed a study to evaluate the efficacy of macrolide therapy (clarithromycin) in suboptimally controlled asthmatics who were on low-dose fluticasone for 4 weeks and had an Asthma Control Questionnaire score of at least 1.5 [35 & ]. Patients had bronchoscopy and endobronchial biopsies for PCR studies to detect M. pneumoniae or C. pneumoniae. Ninety-two patients were randomized and only 12 had PCR evidence for infection. Because of the small number with PCR positivity, the group data were analyzed together and the addition of clarithromycin did not improve asthma control or lung function for the entire group. Airway hyperresponsiveness was improved, increasing the methacholine PC20 by 1.2 AE 0.5 (P ¼ 0.02) in the entire study population. However, in spite of this reduction in airway hyperreactivity, the lack of clinical improvement suggests that the routine addition of macrolide therapy to uncontrolled asthmatics on low-dose inhaled corticosteroids (ICSs) offers little additional benefit.
To further evaluate the microbiological environment in uncontrolled asthmatics on low-dose ICS therapy, Huang et al. [9] , using molecular methods of bacterial 16S ribosomal RNA detection, reported that people with asthma had a greater lower respiratory bacterial load than normal individuals. They also had greater numbers of pathogenic bacteria, especially Haemophilus species. Those patients exhibiting a significant decrease in BHR after clarithromycin treatment had greater pretreatment airway bacterial diversity than nonresponders. Similarly, Hilty et al. [36] using the same technique found large quantities of Proteobacteria, particularly Haemophilus species in both asthmatics and patients with COPD.
When subacute bacterial infections are recognized, and specific pathogens are identified in the setting of poor asthma control, directed antibiotic therapy may reduce symptoms and improve pulmonary function. A recent study evaluated 58 refractory asthmatics with bronchoscopy, visual evaluation of the upper and lower airways, endobronchial biopsies, brushes and BAL for cell counts, histology, cultures, and PCR studies [12 & ]. Using information from these samples, five clinical phenotypes were observed as the major reason(s) for poor asthma control: gastroesophageal reflux, SBI, tissue eosinophilia, combination (gastroesophageal reflux plus SBI, gastroesophageal reflux plus tissue eosinophilia, SBI plus tissue eosinophilia, or gastroesophageal reflux plus SBI plus tissue eosinophilia), and nonspecific. The importance of recognizing multiple potential exacerbating factors comes from the combination group who, until all causes were treated, showed no significant improvement. Of the 25 out of 58 patients with SBI, specific pathogens were identified by culture or PCR studies (Table 1) . Thirteen patients had positive PCR for mycoplasma (10 patients) or chlamydophila (three patients) using a combination of BAL (nine positive), endobronchial biopsy (three positive), and endobronchial brush (two positive), with one being positive in BAL and brush. The 13 patients had significant improvement in % predicted FEV 1 and Asthma Control Test (ACT) following 6 months of macrolide therapy. Of interest, the other 12 patients with a variety of bacterial pathogens also showed significant improvement in ACT and % predicted FEV 1 with culture-directed antibiotic therapy. All 25 patients' results are demonstrated in Fig. 3 . Although additional studies to confirm these results are needed, it appears that specific identification of pathogens using bronchoscopy to obtain samples identifies a group of asthmatic patients who best respond to antibiotic therapy.
ANTIBIOTIC AND ANTI-INFLAMMATORY PROPERTIES OF MACROLIDES
Macrolides are a group of clinically useful antibiotics derived from Streptomyces species. Structurally, they contain a 14-membered, 15-membered, or 16-membered lactone ring to which one or more sugars are attached. Macrolides are bacteriostatic and interfere with protein synthesis. Although the exact mechanism of action may vary, depending on the specific macrolide, the primary action is thought to be the dissociation of peptidyl-tRNA from ribosomes during translocation. Macrolides bind to 50S ribosomes of bacteria and inhibit transpeptidation and translocation of nascent peptides [37] .
The original group of macrolides consists of the 14-membered lactone ring and includes erythromycin, clarithromycin, roxithromycin, and troleandomycin (Table 2 ) [38] . These drugs are well absorbed from the gastrointestinal tract, have excellent tissue penetration, and have broad efficacy against many respiratory pathogens. The second group consists of a 15-membered ring with the addition of a nitrogen element and are known as azalides, and includes azithromycin. The third group are those with a 16-membered ring with a monobasic charge and include spiramycin, josamycin, and midecamycin. Ketolides are a newer class of macrolides, contain a 14-membered ring and have a much broader spectrum and acid resistance compared to other macrolides. Telithromycin, a ketolide, was widely used in the United States to treat acute sinusitis and purulent bronchitis, until several reports of death from liver failure and deaths in patients with myasthenia gravis curtailed its use.
Because of their ability to penetrate polymorphonuclear leukocytes, macrolides are readily accessible at the sites of inflammation. Newer macrolides such as azithromycin accumulate intracellularly leading to an intracellular concentration that is 26 times higher than erythromycin in macrophages [14] .
In addition to their antimicrobial action, macrolides possess anti-inflammatory properties that may contribute to clinical improvement in many patients with chronic airway inflammation [39] .
The clinical efficacy of the 'anti-inflammatory properties' of macrolides was originally described by Kudoh in 1987 [40, 41] , who used them to treat diffuse panbronchiolitis (DPB). This condition is characterized by a diffuse, chronic, neutrophilic airway inflammation involving the bronchiolar and centrilobular regions. Patients with DPB develop cough, sputum production, bronchiectasis, and colonization with pathogens, in particular, pseudomonas. With macrolide therapy, the 10-year survival increased from 12% to greater than 90%. Because serum levels of erythromycin were well below minimal inhibitory concentrations for detected pathogens in patients with DPB, it was postulated that there was an additional anti-inflammatory effect.
Because of their effect on protein synthesis, macrolides alter many aspects of the lung-microorganism-environmental interface including effects on the biofilm and quorum sensing, as well as bacterial adherence, mobility, and toxins [42 && ]. Republished with the permission of American College of Chest Physicians. Data from [38] . a Clarithromycin differs from erythromycin by the methylation of a hydroxyl group in the lactone ring. b These modifications in structure result in better gastrointestinal tolerability, better tissue penetration, increased half-life, and decreased risk of interaction with other drugs metabolized by the cytochrome P-450 enzyme system [39] . c Troleandomycin is the acetylated ester of the macrolide oleandomycin and is structurally related to erythromycin. d Azithromycin is an azalide, which differs from erythromycin by the addition of a nitrogen atom into the lactone ring. e Ketolides are a newer class of semisynthetic derivatives of erythromycin, derived by substituting the cladinose sugar with a keto group and attaching a cyclic carbamate group in the lactone ring. These modifications result in a much broader spectrum than other macrolides and increased activity against macrolideresistant bacteria because of their ability to bind at two sites at the bacterial ribosome.
The biofilm is an aggregate of microorganisms, connected by a polysaccharide matrix that protects bacteria from phagocytosis and suppresses the effect of many antibiotics and the normal ciliary action of epithelial cells. Macrolides alter the matrix by inhibiting polysaccharide synthesis [43] , and this change allows for enhanced phagocytosis and clearance of bacteria by alveolar macrophages [44] .
Quorum sensing occurs when bacteria use mutual communication to coordinate the expression of genes. These genes can produce biofilm formation and stimulate IL-8 production, causing neutrophil influx with additional inflammation. Macrolides appear to interfere with this process by reducing transcription of quorum sensing genes [45] .
Adherence of bacteria to mucosal surfaces and respiratory epithelial cells is an important initial event in the pathogenesis of airway inflammation. Macrolides produce decreased adherence of many pathogens, which may partially explain their efficacy in patients colonized with pseudomonas [46] . In addition to blocking adherence, macrolides impair the mobility of pseudomonas by inhibiting the production of flagellin, the major constituent of bacterial flagella. The decreased bacterial mobility facilitates phagocytosis by alveolar macrophages [47] .
Bacteria produce toxins. These toxins are cytotoxic enzymes and include elastase, protease, and phospholipase that contribute to pathogenicity. Macrolides suppress the production of bacterial toxins, thus reducing their virulence [48] .
Innate immunity
Cytokines are hormone-like proteins that are important in the immune response. These mediators can initiate, perpetuate, and eventually downregulate inflammation. Chemokines are cytokines with chemotactic capacity. Proinflammatory cytokines such as IL-1, IL-2, IL-4, IL-6, IFN-g, TNF-a, and granulocyte macrophage colony-stimulating factor and chemokines (e.g. IL-8) regulate the immune response through positive feedback [42 && ]. Anti-inflammatory cytokines, such as IL-10, prostaglandins, and TGF-b attenuate the immune response through a negativefeedback system. In general, macrolides inhibit the synthesis and/or secretion of proinflammatory cytokines, while increasing the release of anti-inflammatory cytokines [49] .
Alveolar macrophages are scavengers and play a key role in inflammation by phagocytizing apoptotic cells, bacteria, and other inflammatory debris. Macrolides enhance all of these macrophage activities [50] .
Neutrophils also play a key role in airway inflammation and accumulate at the site of inflammation. Many lung transplantation patients with early bronchiolitis and bronchiectasis develop severe neutrophilic inflammation and bronchiolitis obliterans. Vanaudenaerde et al. [14] described a subset of these patients who demonstrated an excellent clinical response to macrolide therapy. Prior to macrolide treatment, these patients all had increased neutrophils and IL-8 in the BAL. Following therapy, there was a significant mean increase in FEV 1 (13%) as well as a significant decrease of both BAL neutrophils and IL-8. In this group, it appears that macrolides specifically reduce inflammation by inhibiting components of the innate immune system.
Adaptive immunity
Not only do macrolides have an effect on the innate immune system, but they also have an impact on cellular immunity through T-cell regulation and antigen presentation [42 && ]. Long-term use of macrolide antibiotics reduces the number of lymphocytes in the BAL fluid of patients with DPB to normal levels [51] . In addition, there is augmentation of the apoptosis of activated lymphocytes, thus reducing inflammation [52] . Macrolides appear to have a suppressive effect on the proinflammatory cytokine production by T cells [53] . Although current data clearly outlines the importance of macrolides in altering the innate immune response, data are now emerging to demonstrate their effect on adaptive immunity.
CONCLUSION
Macrolide antibiotics are well known for their antibiotic and anti-inflammatory characteristics. It has been well documented that, in addition to allergens and environmental irritants, subacute infections with atypical bacteria including M. pneumoniae and C. pneumoniae contribute to poor asthma control. The routine addition of macrolide antibiotics in uncontrolled asthmatics has not been shown useful in reducing symptoms and improving lung function. On the other hand, documentation of infection with PCR studies from bronchoscopy samples (biopsy, brushing and BAL) can identify an asthma phenotype that has a favorable response to macrolide therapy.
